Several mitogen-activated protein kinase (MAPK) signaling inhibitors are currently undergoing clinical trial as part of novel mechanism-based anticancer treatment strategies. This study was aimed at detecting biomarkers of MAPK signaling inhibition in human breast and colon carcinoma cells using magnetic resonance spectroscopy. We investigated the effect of the prototype MAPK kinase inhibitor U0126 on the 31 P-MR spectra of MDA-MB-231, MCF-7 and Hs578T breast, and HCT116 colon carcinoma cells. Treatment of MDA-MB-231 cells with 50 Mmol/ / /L U0126 for 2, 4, 8, 16, 24, 32 , and 40 hours caused inhibition of extracellular signal-regulated kinases (
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Several mitogen-activated protein kinase (MAPK) signaling inhibitors are currently undergoing clinical trial as part of novel mechanism-based anticancer treatment strategies. This study was aimed at detecting biomarkers of MAPK signaling inhibition in human breast and colon carcinoma cells using magnetic resonance spectroscopy. We investigated the effect of the prototype MAPK kinase inhibitor U0126 on the 31 P-MR spectra of MDA-MB-231, MCF-7 and Hs578T breast, and HCT116 colon carcinoma cells. Treatment of MDA-MB-231 cells with 50 Mmol/ / /L U0126 for 2, 4, 8, 16, 24, 32 , and 40 hours caused inhibition of extracellular signal-regulated kinases (ERK1/ / /2) phosphorylation from 2 hours onwards.
31 P-MR spectra of extracted cells indicated that this was associated with a significant drop in phosphocholine levels to 78 F F F F 8% at 8 hours, 74 F F F F 8% at 16 hours, 66 F F F F 7% at 24 hours, 71 F F F F 10% at 32 hours, and 65 F F F F 10% at 40 hours post-treatment. In contrast, the lower concentration of 10 Mmol/ / /L U0126 for 40 hours had no significant effect on either P-ERK1/ / /2 or phosphocholine levels in MDA-MB-231 cells. Depletion of P-ERK1/ / /2 in MCF-7 and Hs578T cells with 50 Mmol/ / /L U0126 also produced a drop in phosphocholine levels to 51 F F F F 17% at 40 hours and 23 F F F F 12% at 48 hours, respectively. Similarly, in HCT116 cells, inhibition with 30 Mmol/ / /L U0126 caused depletion of P-ERK1/ / /2 and a decrease in phosphocholine levels to 80 F F F F 9% at 16 hours and 61 F F F F 4% at 24 hours post-treatment. The reduction in phosphocholine in MDA
Introduction
Mitogen activated protein kinases (MAPKs) are a family of protein kinases involved in many key cellular functions including cell proliferation, apoptosis and motility. MAPKs fall into four main categories: extracellular signal-regulated kinases (ERK1/2), c-Jun NH 2 -terminal kinases (JNK1/2/3), and p38 kinases (p38a/h/g/y), in addition to the more recently identified ERK5 (1) . The ERK1/2 (or the classic MAPK) pathway constitutes a well-characterized component of the Ras signaling cascade (2) . Activated Ras catalyses recruitment and activation of C-Raf which in turn activates MAPK kinases (MEK1/2). Once activated, MEK1/2 phosphorylates and activates ERK1/ERK2, which results in activation of several target proteins, including transcription factors that regulate gene expression and promote cellular proliferation (3) .
Accumulating evidence suggests that ERK1/2 signaling could be involved in the pathology of human cancers. Ras signal transduction proteins are activated in nearly 30% of all human cancers (4, 5) . For example, K-ras mutations are observed in around 70% of human colorectal tumors (4, 6) and the mutation has been shown to correlate with poor clinical outcome (6) . Raf is activated in tumor cells harboring mutated growth factor receptors (7, 8) and mutations in the B-raf gene have been reported in several human cancers and in particular in malignant melanomas (7) (8) (9) (10) . In addition, MEK signaling is activated by oncogenic growth factors and reports have shown that MEK activation can induce cellular transformation (as reviewed in ref. 7) . Because of its importance in malignant transformation, Ras-Raf-ERK1/2 signaling has emerged as a key target for the development of novel mechanism-based antitumor agents targeted at signal transduction pathways that drive the malignant phenotype of tumor cells (7, 8) .
Preclinical studies have shown the potential therapeutic benefits of MEK1/2 signaling inhibition, including suppression of growth and induction of apoptosis in various types of animal tumor models including the colon, the lung, and melanoma (11) (12) (13) . Moreover, blockade of this pathway is expected to affect cell invasion and angiogenesis, as indicated by the involvement of MAPK signaling in these processes (7) .
Several inhibitors of the Ras-Raf-ERK1/2 pathway are now in clinical trial. These include antisense oligonucleotides targeting the mRNA transcripts of H-ras (ISIS 2503) and C-raf (ISIS 5132), in addition to small molecule inhibitors of Ras farnesylation (e.g., R115777), C-Raf (BAY 43-9006), and MEK1/2 (CI-1040, formerly known as PD184352) as reviewed in refs. (7, 8, 14) .
Monitoring the molecular response to these novel therapies is crucial for correlating antitumor effects with inhibition of the intended biochemical target and assessing the efficacy of treatment (15, 16) . Thus, detecting markers of response to ERK1/2 signaling inhibition will be very important in the clinical evaluation of this novel type of anticancer treatment. Measurement of signaling pathway inhibition in human tissue by molecular biological techniques is surgically invasive, requiring a tissue biopsy. For example, measurement of ERK1/2 phosphorylation has been used to show proof of principle for MEK inhibition by CI-1040 (11) . Thus, surgically noninvasive pharmacodynamic endpoints involving molecular spectroscopy and imaging methodology would have a significant advantage (15, 16) .
Magnetic resonance spectroscopy (MRS) is a valuable technique for studying cell and whole tissue biochemistry as it allows noninvasive detection and monitoring of a variety of metabolites in one single measurement (17) . The applications of MRS to biological systems are diverse and include monitoring of tissue energy and metabolism and drug pharmacokinetics (18) . MRS is increasingly used for monitoring changes in tumor cell metabolism in response to anticancer therapies in cells, animal models, and patients (18) (19) (20) . Studies have shown that in vivo 31 P-MR spectra of tumors exhibit alterations in the level of intermediates originating from phospholipid metabolism compared with normal tissue. Tumors often show larger signals from phosphomonoesters (including phosphocholine and phosphoethanolamine) and phosphodiesters (including glycerophosphocholine and glycerophosphoethanolamine). MRS has also shown that response to traditional anticancer treatments, such as radiotherapy and chemotherapy, often correlates with a drop in the levels of phosphomonoesters (18) .
Despite the widespread presence of ras mutations in human cancers, only a handful of studies have used MRS to assess the effect of activation of Ras and, to a lesser extent, specific downstream signaling pathways, on tumor cell metabolism. Using 1 H-MRS, it has been shown that simultaneous immortalization and transformation of rat Schwann cells with SV40 large T antigen and H-ras, respectively, induced a significant increase in phosphocholine and a decrease in glycerophosphocholine levels relative to primary cells (21) . Another 1 H-MRS study showed that H-ras-transfected NIH3T3 murine fibroblasts contained lower levels of unsaturated fatty chains relative to the parent line (22) . Using 31 P-MRS, we have shown that Ras activation in NIH3T3 fibroblasts correlated with an increase in phosphocholine levels which was reversed upon treatment with novel Ras signaling inhibitors (23) . In this study, we have investigated four human carcinoma cell lines, three breast, and one colorectal, to determine whether MRS could detect metabolic biomarkers associated with selective inhibition of MAPK signaling with the prototype MEK inhibitor U0126 (24) . Our results indicate that MAPK signaling inhibition with U0126 is associated with a timedependent decrease in phosphocholine levels.
Materials and Methods
Cell lines and cell culture. MDA-MB-231 and MCF-7 breast and HCT116 colorectal carcinoma cells were maintained in DMEM containing 10% (v/v) heat inactivated FCS, 100 units/mL penicillin, and 100 Ag/mL streptomycin. Hs578T breast carcinoma cells were grown in RPMI containing 10% (v/v) FCS, 100 units/mL penicillin, 100 Ag/mL streptomycin, and 2 mmol/L L-glutamine. Tissue culture materials were purchased from Life Technologies (Paisley, United Kingdom). All cells were maintained in 175-cm 2 tissue culture flasks at 37jC in a 5% CO 2 humidified atmosphere and growth medium replenished every 48 hours.
Mitogen-activated protein kinase signaling inhibition. Analysis of P-ERK1/ / /2 levels. To monitor the effect of U0126 on MAPK signaling, the levels of phosphorylated ERK1/2 were assessed using Western blotting. For this, cells were lysed in lysis buffer (150 mmol/L NaCl, 28.2 mmol/L Tris-HCl, 1.1 mmol/L Tris base, 0.2% SDS, 1% NP40, 10% glycerol, 0.5 mmol/L sodium orthovanadate, 10 mmol/L sodium pyrophosphate, 0.1 mol/L sodium fluoride, and 1 mmol/L EDTA). Equal amounts of total protein (as measured using the Bio-Rad assay method and bovine serum albumin as a standard) were loaded onto 10% polyacrylamide gels and protein transferred onto immobilon-P membranes (Millipore, Bedford MA). Blots were then blocked in 5% nonfat milk for 2 hours and incubated with a primary anti-P-ERK1/2 antibody (Sigma, Dorset, United Kingdom) for 1 hour. This was followed by incubating the blots with horseradish peroxidase-linked secondary anti-mouse antibody (Amersham Biosciences, Buckinghamshire, United Kingdom) for 1 hour. Equal protein loading was verified by stripping the blots in 1Â Re-Blot Plus Strong Solution (Chemicon, Hampshire, United Kingdom) for 15 minutes and incubating with an anti-glyceraldehyde-3-phosphate dehydrogenase primary antibody for 1 hour (Chemicon). This was followed by incubation with an anti-mouse secondary antibody. Detection of specific antibody-antigen interactions was achieved using Enhanced Chemiluminescence Plus reagents (Amersham Biosciences) and exposure to X-OMAT Kodak autoradiography film (Rochester, NY). Bands representing P-ERK1/2 were quantified by densitometry using Image Quant version 5 (Molecular Dynamics, Sunnyvale, CA).
Cell cycle analysis. Flow cytometry was used to assess the effect of MAPK signaling inhibition on the cell cycle distribution of treated cells. For this, f2 Â 10 6 cells were fixed in 70% ice-cold ethanol and stained with a solution containing 40 Ag/mL propidium iodide and 100 Ag/mL RNase A (Sigma) in PBS. Cells were then sorted using an Elite ESP Beckman Coulter cell sorter at 488 nm and data analyzed using WinMDI computer software version 2.7 (Scripps Institute, La Jolla, CA) and Cylchred computer software version 1.0.2 (College of Medicine, University of Wales, United Kingdom).
Cell extracts. To determine the effect of MAPK signaling inhibition on cellular metabolism, control and U0126-treated cells were extracted using the dual phase extraction method (23, 26) . Lyophilized samples of the water-soluble phase were reconstituted in 700 AL of a D 2 O solution containing 10 mmol/L EDTA and 0.86 mmol/L methylenediphosphonic acid (as internal reference) at pH 8.2.
31 P magnetic resonance spectroscopy measurements. 31 P-MR spectra were acquired at room temperature on a 500-MHz Bruker spectrometer using power gated composite pulse 1 H decoupling, a 30j flip angle, a 2-second repetition time, a spectral width of 100 ppm and acquiring 32,000 data points. Spectra were processed using a 1-Hz line broadening and analyzed using MestRe-C version 2.3 (University of Santiago de Compostela, Spain). Metabolite concentrations were determined by peak integration, normalized relative to the internal standard, and corrected for saturation and cell number in each sample.
Statistical analysis. An unpaired two-tailed Student's t test was used to determine the statistical significance of the results with Ps V 0.05 considered significant. Data are shown as the mean F SD. Linear regression analysis was done using SPSS version 11.5.1 (SPSS, Inc., Chicago, IL), providing the Pearson correlation coefficient (r) and the level of significance (P).
Results

Mitogen-Activated Protein Kinase Signaling Inhibition in Human Breast Carcinoma Cells
Effect of treatment with 50 Mmol/ / /L U0126 in MDA-MB-231 cells. Western blot analysis indicated that treatment of MDA-MB-231 cells with 50 Amol/L U0126 induced total suppression of ERK1/2 phosphorylation that was detectable as early as 2 hours post-treatment ( Fig. 1A and B) . P-ERK1/2 levels dropped to below detection level at 2, 4, and 8 hours post-treatment. Some recovery of P-ERK1/2 levels was seen at later times with values (as a percentage of control) of 10 F 10% at 16 hours (P = 0.0006), 24 F 24% at 24 hours (P = 0.01), 14 F 16% at 32 hours (P = 0.02), and 24 F 8% at 40 hours (P = 0.006). No change was observed in the levels of total ERK1/2 (data not shown). In addition, this U0126 exposure produced a time-dependent reduction in cell number per flask that was significant from 32 hours (60 F 3% relative to control; n = 4, P = 0.0001) and which reached 50 F 10% relative to control by 40 hours (n = 5, P = 0.0006; Fig. 1B ). Analysis by flow cytometry showed that treatment with 50 Amol/L U0126 also triggered significant alterations in cell cycle distribution (Fig. 1C) . A significant increase in G 1 (49 F 3% to 70 F 2%, P = 0.002) as well as a drop in S phase (40 F 3% to 23 F 2%, P = 0.002) were both visible from 16 hours post-treatment onwards. A decrease in G 2 (11 F 2% to 7 F 1%, P = 0.05) was also detected at 24 hours and sustained for up to 40 hours following treatment.
We next acquired 31 P-MR spectra from control and treated cells. A 31 P-MR spectrum from the aqueous fraction of control MDA-MB-231 cell extracts is illustrated in Fig. 2A . 31 P-MRS of U0126 treated cells indicated that cellular phosphocholine levels did not change significantly at 2 hours (102 F 19%, P = 0.9) and 4 hours (83 F 13%, P = 0.2) but decreased to 78 F 8% at 8 hours (P = 0.05) and remained at an average level of 70 F 10% (P V 0.04) relative to control for up to 40 hours post-treatment (Fig. 2B) . The drop in phosphocholine correlated strongly and positively with the reduction in P-ERK1/2 levels following U0126 treatment (r = 0.845, P = 0.008) with exclusion of the 2-hour time point, which exhibited a lag in the effect on phosphocholine presumably as a result of intermediate signaling processes. Data from the 40-hour time point are also summarized in Table 1 . Following 40 hours of U0126 treatment phosphocholine levels were 65 F 10% relative to control (P = 0.0006). A significant increase in glycerophosphoethanolamine levels to 157 F 27% (P = 0.01) was also detected, whereas no significant changes occurred in glycerophosphocholine or nucleotide triphosphate (NTP) levels. Thus, the phosphocholine/NTP ratio, important in in vivo studies, decreased significantly to 80 F 11% relative to control (P = 0.01).
Effect of treatment with 10 Mmol/ / /L U0126 in MDA-MB-231 cells. To confirm that modulation of phosphocholine levels was associated with P-ERK1/2 levels, we also treated MDA-MB-231 cells with a lower concentration of U0126 and investigated the cells at a time point when ERK1/2 phosphorylation was not affected. Treatment of MDA-MB-231 cells with 10 Amol/L U0126 for 40 hours had no effect on P-ERK1/2 levels (equal to 124 F 32% relative to control, P = 0.4). We next assessed whether this lower concentration of 10 Amol/L U0126 had any effects on the 31 P-containing metabolites.
31 P-MRS analysis revealed no significant differences in levels of either phosphocholine (37 F 6 versus 39 F 8 fmol/cell), glycerophosphocholine (4 F 1 versus 5 F 2 fmol/cell), or NTP levels (10 F 2 versus 11 F 3 fmol/cell) between control and treated cells. Interestingly, and as with the higher concentration of 50 Amol/L U0126, treatment with 10 Amol/L U0126 was associated with a significant increase in glycerophosphoethanolamine levels from 1.7 F 04 to 2.9 F 0.6 fmol/cell (n = 5, P = 0.01).
Effect of inhibition with U0126 in MCF-7 and Hs578T cells. The effect of MAPK signaling inhibition on cellular 31 P-MRS detectable metabolites was further investigated in two additional human breast cancer cell lines. Western blotting showed that treatment of MCF-7 and Hs578T cells with 50 Amol/L U0126, for 40 and 48 hours, respectively, caused depletion of P-ERK1/2 levels, confirming blockade of MAPK signaling (Fig. 3) . The levels of total ERK1/2 were not altered following U0126 treatment (data not shown). Exposure to U0126 also caused a significant drop in cellular proliferation to 54 F 4% (n = 5, P = 0.0001) and 66 F 11% (n = 3, P = 0.05) relative to control, in MCF-7 and Hs578T cells, respectively.
Flow cytometry analysis showed that, similarly to MDA-MB-231 cells, treatment with U0126 caused a significant increase in the G 1 phase population from 55 F 5% to 66 F 5% (n = 4, P = 0.04) in MCF-7 cells and from 73 F 2% to 81 F 1% (n = 3, P = 0.004) in Hs578T cells. U0126 also caused a drop in the S phase population in MCF-7 cells (36 F 2% to 29 F 4%, P = 0.04) and in Hs578T cells (20 F 4% to 10 F 1%, P = 0.01), whereas no significant effect was observed on the G 2 phase population in either cell line.
31 P-MR spectra from cell extracts indicated that, as with MDA-MB-231 cells, U0126 treatment caused a significant drop in the levels of phosphocholine to 53 F 16% in MCF-7 (n = 5, P = 0.004) and 22 F 12% in Hs578T cells (n = 3, P = 0.01) relative to control. Data obtained from the two cell lines are summarized in Table 1 . Glycerophosphoethanolamine was only detectable in MCF-7 cells and its levels increased to 150 F 10% following U0126 treatment (P = 0.01). No 31 P-MRS-detectable metabolites in both lines. Consequently the phosphocholine/NTP ratio dropped significantly to 57 F 28% in MCF-7 cells (P = 0.03) and to 26 F 14% in Hs578T cells (P = 0.02).
Mitogen-Activated Protein Kinase Signaling Inhibition in HCT116 Human Colon Carcinoma Cells
The effect of inhibition of the MAPK pathway on the 31 P-MRdetectable metabolites was also investigated in a human cancer cell line derived from a different tissue type (i.e., colon). Inhibition of MAPK signaling with 30 Amol/L U0126 for 6, 16, and 24 hours in HCT116 cells was associated with a timedependent reduction in cell number per flask to 84 F 3% relative to control (P = 0.003) by 24 hours post-treatment which was indicative of decreased cell proliferation (Fig. 4B) . In addition, Western blot analysis showed that U0126 treatment induced a substantial drop in ERK1/2 phosphorylation that was detectable from 6 hours and sustained for up to 24 hours of exposure to U0126 (Fig. 4A and B) . P-ERK1/2 levels dropped to 3 F 4%, 7 F 8%, and 1 F 1% relative to control at 6, 16, and 24 hours post U0126 treatment, respectively (P V 0.004). No change was recorded in total ERK1/2 levels (data not shown).
Flow cytometry analysis showed that, similarly to the three breast lines, inhibition of HCT116 cells with U0126 was associated with an increase in the G 1 cell population (22 F 6% to 58 F 5%, P = 0.0001) and a drop in the S-phase cell population (57 F 7 to 26 F 6%, P = 0.0002) that were observed from 16 hours onwards. A drop in the G 2 -phase population (21 F 3% to 11 F 1%, P = 0.0002) was also recorded at 24 hours (Fig. 4C) .
We next assessed whether inhibition with U0126 was associated with changes in the levels of 31 P-containing metabolites of treated cells. 31 P-MR analysis of the water-soluble fraction of cell extracts showed that phosphocholine levels were not significantly altered at 6 hours (86 F 16% relative to control; n = 3, P = 0.22) but decreased significantly to 80 F 8% (n = 3, P = 0.01) and 61 F 4% (n = 4, P = 0.0004) at 16 and 24 hours post-treatment, respectively (Fig. 4B) . A drop in the phosphocholine/NTP ratio to 78 F 11% (P = 0.04) relative to control was also detectable at 24 hours but not earlier. Data from the 24-hour time point are summarized in Table 1 . The decrease in phosphocholine showed a similar correlation with the decrease in P-ERK1/2 as that found in MDA-MB-231 cells. When the data from the MDA-MB-231 and HCT116 cell studies were combined they showed a similar positive correlation (r = 0.813, P = 0.001) between phosphocholine and P-ERK1/2 to that shown by MDA-MB-231 cells alone.
Discussion
As part of the novel molecularly targeted approach to cancer treatment, several inhibitors of the receptor tyrosine kinase RasRaf-MEK1/2-ERK1/2 signaling pathway are currently undergoing clinical trial (7, 8, 14) including the MEK1/2 inhibitor CI-1040 (7, 11, 27) . The ability to monitor molecular target inhibition is critically important for the development and evaluation of such novel agents in the clinic. Surgically noninvasive methods are particularly attractive (15, 16) . In the present study, we have used a noninvasive technique (i.e., MRS), to detect potential biomarkers of MAPK signaling inhibition in human breast and colon cancer cells using the commercially available prototype MEK1/2 inhibitor U0126 (24) . Like CI-1040 and PD98059, U0126 seems to act by preventing the activation of MEK1/2 by C-Raf more potently than it inhibits the catalytic activity of MEK1/2 (25) . However, in addition to blocking ERK1/2 signaling U0126 can also inhibit the activation of another MAPK that might be involved in cell cycle entry and cell transformation (i.e., ERK5; refs. [28] [29] [30] [31] , at concentrations comparable with those required for inhibition of ERK1/2 phosphorylation (32). In MDA-MB-231 cells, inhibition with 50 Amol/L U0126 caused total abrogation of ERK1/2 phosphorylation that was detectable at 2, 4, and 8 hours with evidence of partial recovery from 16 hours post-treatment and thereafter. In addition, a progressive antiproliferative effect was also observed. 31 P-MRS showed that this U0126 treatment was associated with a significant drop in phosphocholine levels that commenced with a time lag following the decrease in P-ERK1/2 levels at 8 hours post-treatment and was sustained throughout the remaining time points of the experiment. Thus, inhibition of MAPK signaling was associated with changes in the cellular content of phosphocholine, although this change was temporally delayed, as might be expected for a downstream signaling process. This drop in phosphocholine correlated strongly and positively with the drop in P-ERK1/2 levels following inhibition with U0126.
Phosphocholine is the first intermediate in the Kennedy pathway for the de novo synthesis of the membrane phospholipid 
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www.aacrjournals.org phosphatidylcholine and is formed following choline phosphorylation via choline kinase (33) . Phosphocholine can also result from the breakdown of phospholipid phosphatidylcholine via phospholipase C (33) . Reports have shown that phospholipid turnover can be regulated by the cell cycle (33, 34) . Specifically, in MDA-MB-231 cells, phosphocholine levels were reported to be 50% lower in confluent cells relative to logarithmically growing cells (35) . In addition, it was found that the size of the phosphocholine pool was reduced by a half in large T47D multicellular spheroids with a considerable population of quiescent cells when compared with smaller spheroids with a greater proportion of proliferating cells (36) . A direct positive correlation between phosphocholine levels and the proportion of cells in S phase has also been reported (37) . In our experiments with MDA-MB-231 cells, the drop in phosphocholine observed following treatment with 50 Amol/L U0126 preceded the antiproliferative effect of the MEK inhibitor and thus was not likely to result from it. To determine the involvement of cell cycle changes in the effect observed on phosphocholine, we analyzed the cell cycle distribution of control and treated cells at each time point of our experiments. Treatment with 50 Amol/L U0126 caused a drop in the S phase and an increase in the G 1 -phase cell populations that were detectable from 16 hours and sustained throughout the time course of treatment. This effect on cell cycling has also been observed with the more specific MEK1/2 inhibitor CI-1040 (11), further corroborating the importance of MAPK signaling for progression through G 1 (38) . Because the drop in phosphocholine occurred earlier than the changes in cell cycle distribution, we concluded that it could not result simply from the effects of cell cycle arrest.
To further test whether the change in phosphocholine was related to MAPK signaling, MDA-MB-231 cells were treated with a lower concentration of 10 Amol/L U0126 that did not affect ERK1/2 phosphorylation. 31 P-MRS analysis indicated that phosphocholine levels were not significantly altered in 10 Amol/L treated cells relative to control. These observations supported our conclusion of an association between the effect of U0126 on P-ERK1/2 and phosphocholine.
We extended our investigation to two other human breast cancer cell lines (i.e., MCF-7 and Hs578T cells) together with the HCT116 human colon cancer cell line to further strengthen our findings and test their generality. Our results showed that MAPK signaling inhibition in HCT116 cells was also associated with a timedependent drop in phosphocholine levels that was temporally preceded by the drop in P-ERK1/2 levels. A significant drop in phosphocholine levels and in phosphocholine/NTP ratio was also detected following inhibition of ERK1/2 phosphorylation in Hs578T and MCF-7 breast cancer cells. Comparison of results from all four cell lines indicated that the amplitude of the drop in phosphocholine and the phosphocholine/NTP was inversely proportional to the level of these variables in control cells with the biggest change being observed in the line with the lowest levels and vice versa. In addition to the effect on phosphocholine, an increase in glycerophosphoethanolamine levels was also observed in MDA-MB-231 as well as MCF-7 cells following treatment with U0126. Interestingly, and in the case of MDA-MB-231 cells at least, this increase in glycerophosphoethanolamine levels was recorded at both the 10 and 50 Amol/L concentrations (i.e., in the presence and absence of effects on ERK1/2 signaling at 40 hours). It is therefore possible that this increase could be attributed to offtarget effects of U0126.
It has been shown that cellular phosphocholine levels are sensitive to the concentration of external precursor levels, and that these increase in response to increased concentration of choline in the medium (39, 40) . Interestingly, despite the greater amount of choline in the medium available per cell following the drop in cell number triggered upon U0126 treatment, a clear decrease in phosphocholine was still detectable. This indicated that the actual net drop in phosphocholine could be greater than the apparent drop observed in our experiments.
Furthermore, it is known that phosphocholine is involved in a range of cellular activities including lipid membrane biosynthesis and mitogenic signaling (33) . It is therefore plausible that many factors may contribute to the maintenance of its levels and consequently the following issues have to be taken into account. (a) The temporal displacement between the effect on P-ERK1/2 (immediate) and that on phosphocholine (later) as shown by this study, (b) the different basal levels of phosphocholine (and P-ERK1/2) in different cell lines, and (c) the fact that phosphocholine could be regulated by pathways other than MAPK. Indeed, the observation that following depletion of P-ERK1/2, cellular phosphocholine content decreased relative to the control but remained detectable supports the argument about the involvement of pathways other than MAPK in the maintenance of phosphocholine levels. Interestingly, and despite the potential variations across tumor cell lines in the extent to which MAPK signaling may be involved in phosphocholine metabolism, we found a similar positive correlation between phosphocholine and P-ERK1/2 levels in MDA-MB-231 breast and HCT116 colon cancer cells. Previous work has shown that Ras activation results in up-regulation of several key enzymes involved in the modulation of phospholipid metabolism. These include choline kinase and phospholipase D (41), phospholipases A and C (42) (43) (44) , and CTP/phosphocholine cytidylyltransferase (ct; refs. 45, 46) . Treatment with the less potent MEK1/2 inhibitor PD98059 caused a reduction in the level of ct gene expression in H-ras transformed C3H10T1/2 mouse fibroblasts (46) . In addition, inhibition of MAPK signaling with U0126 has been shown to block phosphocholine formation in human colon carcinoma cells by interfering with choline uptake and phosphorylation via choline kinase (47) . Interestingly, phosphocholine was found, in some cases, to be required for activation of C-Raf and ERK1/2 as well as DNA synthesis, and inhibition of choline kinase activity was sufficient to cause blockade of MAPK signaling (48) . Indeed, more recent evidence has also shown that inhibition of choline kinase resulted in a drop in intracellular phosphocholine levels which correlated with inhibition of mitogenic signaling in human breast cancer cells (49) . Thus, one possible mechanism behind the drop in phosphocholine in our cells is inhibition of choline uptake and phosphorylation following MAPK signaling blockade. Furthermore, the observation that the decrease in phosphocholine is detected later than the drop in P-ERK1/2 suggests that multiple steps are required between signaling downstream of ERK1/2 and choline metabolism. This hypothesis requires further investigation.
The findings of the present study are in keeping with our previous results showing that MAPK signaling inhibition with U0126 in ras-transformed NIH3T3 murine fibroblasts was also associated with a significant drop in phosphocholine levels and in the phosphocholine/NTP ratio (50) . It is worth noting that we have recently reported an elevation in phosphocholine levels in human colon cancer cells treated with the heat shock protein 90 inhibitor 17-allylamino, 17-demethoxygeldanamycin which is known to deplete many signaling proteins including C-Raf and P-Akt and the cell cycle kinase Cdk-4 (51). However, in this case, given the multitude of targets modulated simultaneously by this inhibitor, the increase in phosphocholine may not necessarily be linked solely to C-Raf depletion and the subsequent MAPK signaling inhibition.
The present study has shown that pharmacologic inhibition of MAPK signaling in human breast and colon cancer cells, induced by the prototype MEK inhibitor U0126, is associated with a drop in phosphocholine levels that precedes any effects on cell cycling or growth. Comparison of two different concentrations of U0126 at the investigated exposure times in MDA-MB-231 cells showed that the drop in phosphocholine occurred in the presence Amol/L U0126 caused depletion of P-ERK1/2 levels (X) from 6 h onwards (as quantified by densitometric analysis), a time-dependent drop in cell number per flask (.) and in cellular PC levels (o) from 16 h onwards (as measured by 31 P MRS of cell extracts). C , cell cycle analysis showing a G1 arrest and a drop in the S phase population at 16 h and 24 h and a decrease in the G2 phase population at 24 h. * Indicates a statistically significant difference from the control i.e. P V 0.05.
of P-ERK1/2 signaling suppression and was not seen in the absence of effects on P-ERK1/2 levels. In addition, this effect was confirmed in three different breast cancer cell lines and one colorectal cancer line, suggesting that it may be a general effect associated with inhibition of the MAPK pathway. However, it would be of interest to assess the effect on the 31 P-MR spectra of treated cells of even more specific ERK1/2 inhibitors such as CI-1040, when these become more widely available, because U0126 is also known to block ERK5 signaling. This would in particular help determine whether the observed effect on phosphocholine was associated with specific inhibition of ERK1/2, ERK5, or both signaling pathways. These experiments as well as investigation of intact cells and tumor xenograft models will be necessary to further test the usefulness of phosphocholine as a noninvasive biomarker of MAPK signaling inhibition.
The results presented in this study indicate that phosphocholine has potential as a biomarker for noninvasive monitoring of MAPK signaling blockade. This is consistent with the need to implement biomarkers of target inhibition, particularly those that are noninvasive, in contemporary drug development (15, 16, (52) (53) (54) .
Our findings could open up new possibilities for using MRS to noninvasively monitor response to novel anti-MAPK signaling therapies in vivo. They also highlight the value of defining the appropriate time point for potential response assessment during clinical trials of novel MAPK signaling inhibitors.
